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Abstract 
Silicon nanowires (SiNWs) have been grown on crystalline silicon (Si), indium tin oxide 
(ITO) and stainless steel (SS) substrates using a gold catalyst coating with a thickness of 200 
nm via pulsed plasma-enhanced chemical vapor deposition (PPECVD). Their morphological, 
mineralogical and surface characteristics have been investigated using scanning electron 
microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and 
Raman analysis. SiNWs growth is accompanied by oxidation, thus yielding partially (SiOx) 
and fully oxidized (SiO2) Si sheaths. The mean diameters of these SiNWs range from 140 to 
185 nm. Si with (111) and (220) planes exists in SiNWs grown on all three substrates while 
Si with (311) plane is detected only for Si and ITO substrates. Computational simulation 
using density functional theory (DFT) has also been conducted to supplement the 
experimental Raman analyses for crystalline Si and SiO2. XPS results reveal that ca 30% of 
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the SiNWs have been oxidized for all substrates. The results presented in this paper can be 
used to aid selection of appropriate substrates for SiNW growth, depending on specific 
applications. 
 
Keywords: Silicon nanowires, PPECVD, XPS, XRD, Raman analysis, density functional 
theory. 
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1. Introduction 
The favorable electronic properties of silicon (Si) have been thoroughly documented and 
widely applied in various industrial processes, especially for the manufacture of electronic 
devices. Even though it has long been indispensable in the microelectronics industry, demand 
for smaller dimension devices will soon reach beyond the bulk Si limit of size reduction [1]. 
Silicon nanowires (SiNWs) exhibit high surface to volume ratio and, as such, they exhibit 
favorable opto-electronic, chemical and mechanical properties compared with bulk Si [2]. 
The combination of the possibility of integrating SiNWs with pre-existing technologies and 
infrastructure, as well as the demand for lower dimensionality devices, has piqued the interest 
of numerous solid state physics research groups worldwide. 
SiNW research is a semi-mature field, with studies being conducted as early as 1964 [3] 
but new characterization and manufacturing technologies have afforded new research 
opportunities half a century later. The bulk of recent studies on SiNWs are centred on their 
increasingly small diameters [4-6] and their integration into micro/nano electronic [7] or 
photovoltaic [8] devices.  
One of the most widely used methods to fabricate SiNWs is the vapor–liquid–solid 
(VLS) method via chemical vapor deposition (CVD) where a metal catalyst locally assists the 
deposition of the growth precursors and thereby drives the nucleation and growth of the NWs 
[9,10]. In a CVD process, the selection of substrate influences SiNW growth, since they grow 
with a preferred orientation if the substrate is epitaxially clean. Using the plasma-enhanced 
(PE) technique increases the deposition rate and reduces the substrate temperature efficiently.   
Crystalline silicon is one of the most popular substrate materials for growing SiNWs via 
CVD as evidenced by previously reported studies [11,12]. There is an electronic structure 
dependence of SiNWs on size [5] and oxide sheath [13] which may be reflected in the density 
of states (DOS) for the NWs analyzed. In this study, SiNWs were grown en masse on three 
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different substrates, namely crystalline silicon (c-Si), indium tin oxide (ITO) and stainless 
steel (SS) using a gold catalyst via pulsed plasma-enhanced chemical vapor deposition 
(PPECVD). ITO was studied as a substrate because of its good electrical conductivity and 
optical transparency pointing to potential applications as a solar cell component while the SS 
substrate was investigated because it has a boundary structure that lies in between that of 
semiconducting and conducting materials. Characterizations of the SiNWs, with the three 
different substrates, were conducted using scanning electron microscopy (SEM), X-ray 
diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and Raman analysis. Such 
comparative characterization is useful as it affords an understanding of the physical 
properties of different substrates utilized in different SiNW applications. The significance of 
the study is demonstrated by the utilization and subsequent characterization of three 
substantially different common substrate materials for SiNW growth which, to the best of the 
authors’ knowledge, have not been previously reported in the open literature.  
 
2. Experiment details 
 
2.1 SiNWs grown on different substrates 
SiNWs were synthesized using PPECVD at 345ºC. Details regarding this synthesis 
process can be sourced from our previous report [14]. Silane was used as a silicon source. 
The sample was allowed to heat up under 3.0 torr of argon for 35 min and for a further 35 
min under the mixture of reactant gases. The silicon nanowires were produced using silane 
mixed with diborane (1% in argon) with 70% silane and plasma duration of 40 s. This allows 
time for the eutectic droplet formation prior to the plasma enhanced growth process. The 
SiNWs were grown on crystalline silicon (c-Si), indium tin oxide (ITO) coated corning glass 
and stainless steel (SS) substrates using a gold catalyst (thickness = 200 nm) as described by 
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the Wagner and Ellis’ classic VLS mechanism [15]. Prior to the deposition process, the 
substrates were cleaned in an ultrasonic bath using decon-90, ultra-pure water and 
isopropanol. They were then dried using high purity nitrogen before being transferred into a 
vacuum system for deposition of the gold catalyst layer. The vacuum chamber base pressure 
was within 10-6 to 10-5 torr while the working pressure was 10-4 torr. The sample temperature 
was derived from a thermocouple attached to the top electrode and heater block using 
measurements via a series of calibrated tests.  
 
2.2 Characterization 
Raman spectroscopy analysis was conducted using the ISA (Dilor) Dispersive Raman 
spectrometer with a HeNe 632 nm laser using the 600 and 1800 grating settings. A D3 filter 
(laser power ca 3.3 µW) was used with a data collection time of 100 s. X-ray diffraction 
(XRD) spectra were collected using a Bruker D8 Advance diffractometer with the Lynx Eye 
detector operating at 2θ step size of 0.0389° and tube voltage and current of 40 kV and 40 
mA, respectively. 
Surface morphology of the samples was examined using a PHILLIPS XL 20 scanning 
electron microscope (SEM). The samples were analysed without any additional gold coating 
so that the morphology of the nanowires could be observed in detail. Mean SiNW diameters 
were calculated using a Digital Micrograph (Gatan Software Team 1999). 
X-ray photoelectron spectroscopy (XPS) analysis was conducted using the Kratos Axis 
Ultra XPS spectrometer (Manchester, UK) with Mg Kα radiation (hν = 1253.6 eV). The 
sample was mounted horizontally on the holder and normal to the entrance of the electrostatic 
lens. Base pressure of the analyser chamber was maintained at ~10-9 torr. The voltage and 
emission current of the X-ray source were kept at 12 kV and 12 mA, respectively. The pass 
energy was set to 80 eV for the survey scan and 10 eV for the features of interest (i.e., Si 2p, 
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Si 2s, O 1s and C 1s) to ensure high resolution and good sensitivity. The XPS spectra energy 
scale was calibrated using Cu 2p3/2 (932.67 eV), Ag 3d5/2 (368.27 eV), C 1s (284.6 eV) and 
Au 4f7/2 (83.98 eV). The electrostatic lens mode and analyzer entrance were selected in the 
Hybrid and Slot modes (Iris = 0.6 and Aperture = 49), respectively. A charge neutralizer was 
employed during the XPS measurements. The gold layer was characterised by using XRD 
and XPS as references. This layer was established by the binding energy of Au4f7/2 at 84 eV 
and the observation that 2θ of Au (111) was at 38.2° (the wavelength of x-ray source was 
1.5406 x 10-10 m). 
 
3. Results and discussion 
The SiNWs appear to be highly crystalline (Fig. 1) with wires exhibiting ‘kinking’ defects 
[14] instead of amorphous ‘worm-like’ defects. Mean diameters of the SiNWs, when a 200 
nm thick gold catalyst layer was used, are indicated in Table 1 and range from 140 nm to 185 
nm for all the substrates used. It is clearly seen that the average wire diameter increases 
through the following sequence: c-Si → SS → ITO. Observation of “droplets” on the tip of 
the nanowires is archetypal of the VLS mechanism [15] in which they ride atop the 
nanowires during the growth process. It appears that there are marginal morphological 
differences between the SiNWs grown on the three substrates, although nanowires on c-Si 
and SS are denser and exhibit more homogeneous sizes compared to ITO.  
Fig. 2 shows the XRD spectra of the SiNWs on c-Si, ITO and SS substrates. Closer 
inspection of each spectrum with TOPAS (BrukerAXS 2007) and peak identification using 
Inorganic Crystal Structures Database (JCPDS 1999) enabled identification of various 
crystalline structures. The crystalline Si system is cubic with space group Fd m(227) (a = 
5.43086(3) (JCPDS-89-5012)). Crystalline Au (gold catalyst) with (111) plane is detected at 
38.5º (JCPDS-01-1174) for c-Si and SS substrates while there is no clear evidence of such 
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crystalline gold from the ITO substrate. Iron with (110) and (111) orientations was detected 
at 44.1º and 45.0º, respectively for the SS substrate (JCPDS-01-1252/88-2324). Consistent 
with the VLS mechanism [15], the highly crystalline Si (111) plane corresponds to the sharp 
peak at 28.5º and exists on all three substrates. However, it is interesting to note that the Si 
(311) plane is detected at ca 56.4º for Si and ITO substrates (JCPDS-89-5012) while the Si 
(220) plane is detected on all three substrates (at 47.5°) albeit with relatively pronounced 
peak broadening. This peak broadening implies that the Si (220) crystallites are 
comparatively smaller than the Si (111) and (311). The three main Si plane orientations, 
(111), (220 and (311), have been reported in previous studies of SiNW deposition [16,17].  
SiO2 is invariably formed via oxidation of Si upon exposure in air [18]. Prominent peaks, 
ca 22.5º and 34.3º, can be assigned to tetragonal (101) and cubic (111) forms of SiO2 with 
space groups P41212(92) (a = 4.96, c = 6.68) and Fm m(225) (a = 4.52), respectively 
(JCPDS-89-3606/3609). It is interesting to note that no tetragonal form of SiO2 is detected 
with the c-Si substrate, while the cubic form of SiO2 is observed in all three substrates with a 
very weak peak identified with the c-Si substrates. The SiNWs on the c-Si substrate are 
barely oxidised whilst those on the ITO and SS are considerably oxidised and predominantly 
in the tetragonal form of SiO2. The observed increase in SiNWs thickness (Table 1) from c-Si 
to ITO substrates is due to the oxide coating of the SiNWs. This is reinforced by the observed 
increase of the total integrated area of all the SiO2 peaks from XRD spectra (Fig. 2) which 
shows that the SiO2 layer increases through the following sequence: c-Si → SS → ITO. A 
similar pattern is seen in the density (see Fig. 1) and the thickness of SiNWs (see Table 1). 
As shown above, atmospheric oxygen has not oxidized the SiNWs on the c-Si substrate in 
any significant amount. It may well be that the oxygen needed for significant SiO2 to form on 
SINWs from ITO and SS substrates comes from oxygen attached (chemically or physically) 
to the substrates. The presence of SiO2 is a notable aspect in the study of SiNWs for opto-
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electronic applications since light trapping efficiency of SiNWs shielded with 
semiconducting and insulating materials (e.g. SiO2, SiC or SiN) is essentially enhanced via 
anisotropic light propagation [19]. 
XRD identification of crystalline Si and SiO2 implies the possibility of development of 
Si/SiO2 core-shell structure as a result of oxidation [20]. Interplanar spacing (d) was 
calculated for Si (JCPDS-89-5012) by first determining the lattice parameter, a, and using 
this to determine d via equations (1) and (2): 
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Crystallite size was estimated using the TOPAS (BrukerAXS 2007) integral breadth 
algorithm with a unit Scherrer constant. Fig. 3 shows the Si crystallite sizes with respect to 
(111), (220) and (311) orientations and substrates used. It is evident that SiNWs grown on the 
SS substrate generally possess smaller crystallite sizes (< 100 nm diameter) compared with 
the other two substrates.  
Fig. 4 shows the normalized Raman spectra of the SiNWs on Si, ITO and SS substrates. 
These spectra appear to be qualitatively similar. The sharp peaks at 519 cm-1 detected on all 
substrates confirm the presence of crystalline Si which is also reported by Zhang and co-
researchers [18]. The relatively broadened peaks observed ca 480 cm-1 for all substrates are 
representative of oxidized Si [18].  
In order to interpret the experimental Raman data, a computer simulation was conducted 
for crystalline Si with space group Fd m(227) and lattice parameter 5.43086 Å as well as 
SiO2 with space group Fm m(225) and lattice parameter 4.52 Å. The simulation was 
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executed using density functional theory (DFT) enabled by Gaussian 09W software with the 
following stipulation: B3LYP functional, 3-21G basis set, singlet state and 2 unit cells. 
Crystalline Si is passivated with hydrogen. Initial calculations confirmed that these 
parameters provided the lowest ground state energy. Subsequent calculations were made to 
simulate the Raman spectra for crystalline Si and SiO2 (Fig. 5). The simulated major peak 
intensities of crystalline Si and SiO2 are at 490 and 411 cm-1, respectively, which are within 
5-14 % of the experimental peaks Also, the second highest peak intensity for the simulated 
crystalline Si Raman spectrum at around 900 cm-1 is fairly consistent with the experimental 
Raman spectrum (Fig. 4). That said, however, it is acknowledged that our simulation results 
are not intended to be an absolute representation of the experimental results and that the 
former should only be used as an approximate guide. This is especially so in the context 
where SiO2 detected in SiNWs may also represent partially oxidized suboxides (amorphous 
SiOx) which are not considered in our simulation.  
Fig. 6 shows the XPS spectra of the Si nanowires on the three substrates with curve-
fitting of the Si 2p envelope. The Si 2p peak was fitted with a doublet spacing constraint of 
0.6 eV and a 1:2 intensity ratio via Tougaard backgrounds with Si parameters (CasaSoftware 
2001). The decoupling of Si 2p consists of three silicon components, i.e., (1) crystalline Si (2) 
SiO2 and (3) SiOx in the order of decreasing atomic percentages. The detection of amorphous 
SiOx implies its presence as a coating component (sheath) of the crystalline Si core along with 
SiO2 [21] and this substantiates the Raman spectroscopic results.  
It is clear from the XPS spectra that ca 30% of the SiNWs surfaces have been oxidized in 
all substrates. The apparent inconsistency of the SiOx/SiO2 ratios between the XPS, XRD and 
Raman arises because XPS is a surface analysis technique while XRD and Raman provide 
bulk structural information. Although the XRD results for c-Si substrate indicate insignificant 
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amounts of silicon oxides, the XPS spectra indicate that these are predominantly on the 
surface of the material. 
The ratio of silicon oxide forming on the surface of SiNWs is related to the amount of 
crystalline Si and as such, a larger wire will be able to support more oxide sheath on the 
surface. There is no qualitative difference between the three XPS spectra although the 
percentage of fully oxidized Si (SiO2 shell) compared to the partially oxidized SiOx is the 
highest for SiNWs grown on the SS substrate followed by ITO and Si substrates.  
 
4. Conclusions 
SiNWs have been grown on Si, ITO and SS substrates using a gold catalyst via pulsed 
plasma-enhanced CVD and duly characterized using SEM, XRD, XPS and Raman analyses. 
In all cases, the SiNW growth is consistent with the classic VLS mechanism and 
characterization results indicate the occurrence of oxidation, thus yielding partially (SiOx) 
and fully oxidized (SiO2) Si sheaths. The XRD, Raman and DFT simulation clearly show the 
considerable silicon oxides layer on the SiNWs prepared on the SS and ITO substrates. The 
surface characteristics of the SiNWs are similar for all substrates. The morphological 
characteristics differ in the density, thickness and oxide sheath of the synthesised SiNWs. 
The crystallite diameters of SiNWs grown on ITO were ~20% larger than those grown on c-
Si and SS. This appears to be due to a thicker SiO2 coating on SiNWs grown on ITO 
substrates. The SiNWs grown on the different substrates had quite different structural 
characteristics. These characterization results have technological implications as they indicate 
how important it is to select the appropriate substrates for SiNW growth depending on the 
intended applications. 
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Figure captions 
Fig. 1. SEM micrographs of SiNWs grown on (a) Si substrate; (b) SS substrate; and (c) ITO 
substrate with a 200 nm thick gold catalyst layer. 
Fig. 2. XRD spectra of SiNWs on Si, SS and ITO substrates. 
Fig. 3. Crystallite sizes. Si(311) was not detected on the SS substrate.  
Fig. 4. Normalized Raman spectra of Si and SiNWs on Si, SS and ITO substrates. 
Fig. 5. Simulated Raman spectra of (a) crystalline Si; and (b) SiO2. Insets illustrate the 
corresponding unit cells used in the simulation.  
Fig. 6. XPS spectra of the Si nanowires on the three substrates with curve-fitting of the Si 2p 
envelope. Dashed lines correspond to fit envelopes.  
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Table 1 Average diameter of SiNWs (200 nm gold coating thickness)  
 
Substrate Mean Diameter (nm) Standard Deviation (± nm) 
c-Si 140 47 
SS 146 42 
ITO 185 115 
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